During coevolution with their hosts, viruses have developed many ways of manipulating the cellular machinery of infected cells. They inhibit or induce apoptosis for their own benefit, with the purpose of increasing viral replication and spread or subverting the host's immune response (4, 12, 51, 59) .
Mitochondria have several functions in the cell, including energy production, calcium buffering, and regulation of cellular apoptosis. Death signals in the intrinsic pathway of apoptosis act directly on mitochondria, leading to their dysfunction and the release of proapoptotic factors responsible for the caspase-dependent and/or -independent death pathways (43) . The process is tightly regulated positively or negatively by proteins from the Bcl-2 family (32) . Caspase activation can be initiated in the extrinsic pathway of apoptosis by death receptors expressed at the cell surface; this later causes mitochondrial dysfunction (8, 20) .
Lyssaviruses are highly neurotropic viruses associated with rabies, a fatal encephalomyelitis considered to be a reemerging zoonosis throughout most of the world (10) . It has been suggested that lyssavirus-induced neuronal apoptosis (1), previously thought to be a principal cause of pathogenesis, is an important defense mechanism against lyssavirus infection (26, 34, 56) . However, the molecular basis of lyssavirus-induced neuronal apoptosis is still poorly understood (16, 55) . The involvement of the viral glycoprotein (G) in inducing neuronal apoptosis has been extensively shown (13, 38, 39, 45) , whereas we have suggested that M is an inducer of neuronal cell death through a tumor necrosis factor-related apoptosis-inducing ligand (TRAIL)-dependent pathway (29) . However, the molecular mechanism of apoptosis has not been precisely defined, and little is known about mitochondrial involvement during lyssavirus infections (46) .
In this study, we take advantage of the fact that Mokola virus (MOK), a member of the genotype 3 lyssaviruses (5) , is known to be less pathogenic than viruses of genotype 1 and, in particular, Thailand virus (THA) (3) . We report for the first time the involvement of the mitochondrial machinery during MOKinduced apoptosis. We show that the MOK matrix protein (M-MOK), a previously described apoptogenic factor (29) , interacts directly with cytochrome c (cyt-c) oxidase (CcO) subunit I (CcO1), the terminal component of the mitochondrial respiratory chain (MRC). This finding is of interest, as this interaction, which is not found with M-THA, may have a key role in controlling ATP synthesis and cellular respiration during lyssavirus-induced neuronal apoptosis and may contribute to the low pathogenesis of MOK infection.
MATERIALS AND METHODS

Materials.
The rabies virus nucleocapsid fluorescein isothiocyanate-conjugated antibody was obtained from Bio-Rad. ADP and staurosporine were purchased from Calbiochem and Sigma, respectively. cyt-c and CcO4 antibodies were purchased from Clontech Laboratories. Anti-CcO1 antibody (clone 1D6) and monoclonal anti-Flag M2 were obtained from Invitrogen and Sigma, respectively. Anti-enhanced green fluorescent protein (EGFP) monoclonal antibody (clone JL8) and Av peptide antibody against GFP were purchased from Clontech. Monoclonal anti-␤-actin (clone AC-74) was obtained from Sigma. Protein A-labeled colloidal gold was obtained from the Cell Microscopy Center, AZU, Utrecht, The Netherlands. Horseradish peroxidase-conjugated anti-rabbit and anti-mouse secondary antibodies were obtained from Amersham Biosciences.
Cells and viruses. Mouse neuroblastoma cells (N2a), human carcinoma epithelial cells (HeLa), and BSR cells (clones of BHK-21) were cultured in Dulbecco's minimal essential medium supplemented with 0.2% glutamic acid from Gibco and 50 g/ml gentamicin and 10% heat-inactivated fetal bovine serum from Eurobio. Two lyssaviruses, the THA of genotype 1 and the MOK of genotype 3, were used for cell infections with appropriate multiplicities of infection (MOI), as previously described (29) . Infected cells were incubated at 37°C under 5% CO 2 .
Secondary structure prediction programs. Secondary structure was predicted using Prof (41) and SAM-T02 (28) software. Prof classifies protein secondary structure prediction, formed by cascading together various types of classification using neural networks and linear discrimination (http://www.aber.ac.uk/ϳphiwww /prof/). SAM-T02 uses a method for iterative Sequence Alignment and Modeling System hidden Markov model construction and remote BLAST analysis (http://www .soe.ucsc.edu/research/combio/HMM-apps/T02-query.html) (42) .
Recombinant plasmid construction and site-directed mutagenesis. DNA fragments coding for various M-MOK segments have been designed based on secondary structure prediction. Reverse transcription-PCRs on viral RNAs were performed and products were digested with the corresponding restriction enzymes as previously described (29) (see Data File S1 in the supplemental material). Cloning was carried out using the pEGFP-C1 plasmid (Clontech). In this system, the various segments under study are fused in frame to the C terminus of EGFP. Sets of sense and antisense primers (see Data File S1 in the supplemental material) were designed to amplify wild-type M-MOK (amino acids [aa] rsqb] 1 to 202) and its deletion mutants (M1, 1 to 110; M1.1, 1 to 48; M1.2, 46 to 110; M2, 106 to 202) by PCR. The products were then inserted into pEGFP-C1 plasmids, and these plasmids were used to transform Escherichia coli. The resulting clones were subsequently sequenced. For coimmunoprecipitation M-MOK and M-THA were expressed fused to a 3ϫFlag tag using vector pCiNeo (Promega) with an inserted Gateway cassette and a 3ϫFlag tag. PCR products obtained using primers described in Data File S1 in the supplemental material were inserted into this vector using Gateway technology. Mutations at designated residues in M-MOK and M-THA were created by the QuikChange II sitedirected mutagenesis kit (Stratagene) (see Data File S1 in the supplemental material).
Cell viability assay and LDH release. Adherent cells were collected by trypsin-EDTA (Gibco) (0.25%/1 mM) treatment and pooled with floating cells collected from the culture media. Cell viability was determined by a trypan blue (0.4% solution from Sigma) dye exclusion assay. For lactate dehydrogenase (LDH) release, cells were infected and aliquots of supernatants (300 l) were assayed for LDH release at various times postinfection using the Cytotox 96 nonradioactive cytotoxicity assay (Promega, Madison, WI). Minimum lysis was determined from cells cultured in medium alone. Cytotoxicity was expressed as a ratio of specific LDH release, which is determined by the following formula: (infectedcell release Ϫ background release obtained on cell culture media)/(noninfectedcell release Ϫ background release). All experiments were carried out in triplicate and conducted twice.
ATP synthesis measurement and nitric oxide determination. For ATP measurements, cells were lysed with Reportasol extraction buffer (Novagen Inc.), normalized for protein content, and incubated with 1 mg/ml luciferin/luciferase (Sigma). Nitric oxide (NO) was measured in the cell culture medium (300 l) using the Griess diazotization reaction (Molecular Probes). The absorbance of the nitrite formed subsequently in each sample was measured according to the manufacturer's instructions. The assay was calibrated using serial dilutions (0 to 50 M) of a nitrite standard solution.
Caspase activity and TUNEL assay. Caspase-9 activity was detected at the single-cell level using the CaspaTag activity kit (Q-Biogene), as previously described (29) . Apoptosis was detected at the single-cell level by terminal deoxynucleotidyltransferase-mediated dUTP nick end labeling (TUNEL) using an ApoDetect kit (Q-Biogen), according to the instructions of the manufacturer with minor modifications (29) . Incubation with rhodamine-conjugated antibody was carried out for 45 min at room temperature. Cells were then washed twice with phosphate-buffered saline (PBS) for 5 min and treated with anti-rabies virus fluorescein isothiocyanate-conjugated antibody for 1 h at 37°C. For both assays, cells were fixed for 30 min at 4°C with 4% paraformaldehyde (PFA), mounted with a mixture of DAPI (4Ј,6Ј-diamidino-2-phenylindole) and Vectashield (Abcys), and observed under a fluorescence microscope using the corresponding band-pass filters.
Cotransfection and cellular localization of M-MOK and its deletion mutants. Total protein extraction and subcellular fractionation were performed using radioimmunoprecipitation assay lysis buffer (Santa Cruz Biotechnology) and the ApoAlert cell fractionation kit (Clontech), according to instructions of the manufacturers. Protein concentration was determined using bicinchoninic acid protein assay reagent (Pierce), and proteins (5 to 20 g) were analyzed by the NuPAGE system, run on a 4 to 12% gradient or 10% gels (Invitrogen) and blotted to polyvinylidene difluoride membranes by XCell SureLock Mini-Cell (Invitrogen), based on the manufacturer's instructions. Chemiluminescent detection (SuperSignal West Pico or West Dura chemiluminescent substrates; Pierce) on Biomax-MR film (Kodak) was followed by densitometric quantification of digitized images using Scion Image software.
Yeast two-hybrid screening. The human brain Matchmaker cDNA library (Clontech) was screened with M-MOK fused to the GAL4 DNA binding domain (BD-M-MOK). The Y187::CG1945 diploid Saccharomyces cerevisiae strain (GAL1-LacZ and GAL1-HIS3) was transformed with a plasmid coding for BD-M-MOK and with pACTII, harboring the GAL4 activating domain (AD) containing the human brain cDNA library, using the lithium acetate procedure (17) . The transformed yeasts were plated on synthetic dextrose medium lacking Trp, Leu, and His (SD/-Trp/-Leu/-His medium). One and a half million interactions were screened; 750 His-positive colonies were streaked 4 to 5 days later on SD/-Trp/-Leu/-His plates for assaying ␤-galactosidase activity (15) . The cDNA of the selected colonies was amplified by PCR and sequenced.
Pairwise two-hybrid interaction assay. cDNA of relevant proteins was used as bait and prey in two-hybrid assays (CcO1 interacting clone, M-THA, and M-MOK); the cDNA was fused to GAL4-BD inserted in pGBKT7 (Clontech) and to GAL4-AD inserted in pACTII (Clontech). The two plasmids were modified to allow cloning using the Gateway cloning technology (Invitrogen). All constructs were obtained by PCR amplification of cDNA using primers with convenient recombination sites. Yeast SFY526 was transformed with two plasmids (pGBKT7-X and pACTII-Y or pGBKT7-Y and pACTII-X) using the lithium acetate procedure (17) to study the interaction between X and Y proteins. Transformed cells were plated on SD/-Trp/-Leu minimal medium plates, and colonies were streaked 4 to 5 days later on SD/-Trp/-Leu plates for assaying ␤-galactosidase activity (15) .
Immunoprecipitation. HeLa cells were transfected with M-MOK or M-THA fused to a 3ϫFlag tag. Cells were lysed in TNE buffer (25 mM Tris-HCl, pH 7.5, 150 mM NaCl, 1 mM EDTA) supplemented with 1% Triton X-100 and 1ϫ protease inhibitor cocktail (Complete; Roche) 24 h posttransfection. Magnetic beads coated with goat anti-mouse antibody (Dynabeads; Invitrogen) were washed in TNE buffer. Particles (2 ϫ 10 7 ) of washed beads were incubated with 2 g of monoclonal anti-CcO1 antibody (Invitrogen) for 3 h. Cell lysates were clarified by centrifugation at 4°C for 5 min at 5,000 ϫ g. One hundred micrograms of clarified lysate was precleared by incubation with 2 ϫ 10 7 particles of washed beads without CcO1 antibody in TNE buffer. One hour later, beads coupled with anti-CcO1 were incubated with precleared cell lysate and incubated for 2 h on a wheel mixer. Immunopurified CcO1-matrix complexes were washed with TNE buffer three times. All washes and incubations were performed at 4°C. Precipitated proteins were eluted in 1ϫ lithium dodecyl sulfate sample buffer supplemented with reducing agent (Invitrogen) and were analyzed by Western blotting.
Quantitation of CcO activity. We measured CcO activity with a CcO assay kit (Sigma). The measurements were performed on total cellular protein of infected and transfected cells and were expressed as a percentage of activity relative to that for control cells. The activity was presented as a ratio of the change in activity to protein quantity.
Immunogold labeling and electron microscopy. Transfected HeLa cells were fixed for 15 min by the direct addition of a volume of 4% PFA in 0.1 M Sorensen buffer, pH 7.4, equal to the volume of the culture medium. The cells were then incubated for 3 h at room temperature in 4% PFA. Fixed cells were washed with PBS, after which free aldehyde groups were quenched with 50 mM glycine in PBS. Cells were scraped in PBS containing 1% gelatin and pelleted in 12% gelatin. The cell pellets were solidified on ice and cut into small blocks, which were incubated overnight at 4°C in 2.3 M sucrose for cryoprotection. (3), is an early inducer of neuronal cell death in comparison to THA, the neurovirulent prototype of rabies virus (29); thus, N2a cells were infected with MOK and THA (MOI, 1) and a comparison of kinetics was performed with a TUNEL assay to confirm the results of these studies (Fig. 1A) . A minimum of 300 cells were counted, and those with intense chromatin clumping and nuclear fragmentation were considered apoptotic. As expected, apoptosis was induced as early as 48 h postinfection (p.i.) in MOK-infected neuronal cells and increased to reach a maximum level at 96 h p.i. (approximately 37%) (Fig. 1A) . By contrast, TUNEL-positive cells induced by THA infection remained at a level similar to that of uninfected cells during the 72-h-p.i. period (Fig. 1A) and slightly increased at 96 h p.i. (13%) (Fig. 1A) . MOK-infected cells, in contrast to THAinfected cells, showed a rapid decrease in cell viability, as determined by a trypan blue exclusion assay (Fig. 1B) ; this confirms the time-dependent difference in cell death activation and cytotoxicity between the two isolates.
RESULTS
MOK induces aponecrosis and mitochondrial dysfunction in neuronal cells. MOK, an attenuated lyssavirus strain
We then further examined whether the intrinsic mitochondrial pathway is active during lyssavirus-induced cell death. In the first set of experiments, N2a cells were infected with MOK and THA (MOI, 1) and the release of cyt-c from mitochondria into the cytosol was assessed by Western blotting after cell fractionation. The ratio of cytosolic to mitochondrial cyt-c in cells infected with MOK at 48 h p.i. was threefold greater than at 24 h p.i. and threefold greater than that observed in control cells; however, in the case of THA infection, cyt-c remained sequestered in the mitochondria (Fig. 1C and D) . Cytosolic cyt-c leads to the recruitment and activation of the initiator procaspase-9. Thus, we next determined the level of caspase-9 processed during infection by fluorescence microscopy and by using the specific fluorescein-labeled caspase-9 inhibitor 5-carboxyfluorescein-LEHD-fluoromethyl ketone. The results were consistent with caspase-9 being activated as early as 48 h p.i. in MOK-infected cells, in contrast to THA-infected cells (Fig.  1E) . Moreover, treatment with ADP, a potent inhibitor of the mitochondrial megachannel and cyt-c release (18) , revealed a dose-dependent inhibition of caspase-9 processing (data not shown) and inhibited apoptosis in MOK-infected cells (Fig.  1F ). In the second set of experiments, we employed colorimetric and luminometric assays to monitor NO levels in cell culture medium and ATP produced by mitochondria during infection, respectively. A decrease of ATP synthesis was concomitant with an increase in NO levels in the supernatant of MOK-infected neuronal cells at 72 h p.i. (Fig. 1G and H ). By contrast, the level of cellular ATP and nitrite/nitrate in the supernatant of THA-infected cells remained stable during this time ( Fig. 1G and H) . Finally, the early release of LDH in the supernatant of MOK-infected cells was greater than that in the supernatant of THA-infected cells (Fig. 1I) , suggesting the involvement of an aponecrotic mechanism during MOK infection.
M-MOK induces apoptosis by a mechanism involving the mitochondrial pathway. Among the five proteins of lyssaviruses, we have previously shown that M is involved in the early induction of apoptosis in HeLa cells (29) . We generated various constructs and truncated M-MOK proteins fused downstream to EGFP to study the role of M-MOK in the induction of apoptosis in more detail ( Fig. 2A and B) . The truncatedprotein designs were based on a sequence comparison and structure predictions for M-MOK and M-THA proteins ( Fig.  2A) . M-MOK presents a 79% sequence similarity to M-THA. The N terminus is composed of two ␤-sheets (␤1 and ␤2) and two ␣-helices (␣1 and ␣2). The C terminus comprises four ␤-sheets (␤3 to ␤6). A central region of 28 aa, without any defined secondary structure and linking ␤2 and ␤3, connects the N and C termini. Based on this prediction, M was first divided in two parts: (i) M1, comprising the 110 aa at the N-terminal position and encompassing ␣1-␤1-␣2-␤2, and (ii) M2, comprising the four ␤-sheets (␤3 to ␤6) in the C-terminal half of the protein. M1 was further subdivided into M1.1, encompassing ␣1 and the late-budding domain (LBP) (24) , and M1.2, encompassing two ␤-sheets (␤1 and ␤2) and one ␣-helix (␣2).
HeLa cells were transfected with various M-MOK constructs, and the level of apoptosis was assessed by TUNEL assay. As expected, M-MOK induced apoptosis. Approximately 20% of cells were TUNEL positive, whereas the level of apoptosis in cells transfected with the M-THA plasmid and the control expressing EGFP remained very low (Fig. 3A) . These data suggest possible apoptogenic activity specific to M-MOK but not to M-THA.
Next, we examined whether any of the M truncations were sufficient to induce apoptosis. The results showed that the truncated forms M1, M2, and M1.2 induced apoptosis in more than 25% of the cells (Fig. 3A) . This is in contrast to M1.1, in which the level of induced apoptosis remained below 5%. We investigated the effect of M on the mitochondrial intrinsic pathway; thus, we analyzed transfected cells for caspase-9 activation (Fig. 3B) . Interestingly, we observed greater levels of the caspase-9 cleaved forms (35 and 37 kDa) in M-MOK-, M1-, M2-, M1.1-, and M1.2-transfected cells than in cells transfected with the vector alone. M1 induces more caspase-9 cleavage than M2 despite a lower expression (Fig. 3B) . Similarly, M1.2, although expressed in a smaller amount, demonstrates more caspase-9 cleavage than M1.1, in which the amount of cleaved caspase-9 after transfection remained the lowest of all four M fragments (Fig. 3B) . As controls, ␤-actin was used to normalize the various cellular fractions, whereas staurosporine, an inhibitor of protein kinase C, was used as a strong inducer of apoptosis (Fig. 3B) . Finally, M-MOK-and M1-induced apoptosis was partially inhibited by treatment with ADP, whereas M2-induced apoptosis was not (Fig. 3A) . This indicates that there is an alternate mechanism for inducing apoptosis in the case of M2. The N-terminal fragments of M1 and M1.2 may be implicated in activating the mitochondrial megachannel and apoptotic activity induced by M.
M-MOK is imported to mitochondria. We investigated the subcellular localization of M-MOK and its truncated forms.
Therefore, HeLa cells were cotransfected with various chimeric forms of M fused to the C terminus of EGFP and the reporter plasmid DsRed2-Mito, coding for CcO7, which is used as a specific mitochondrial marker. Cells were then ob- (Fig. 4A) . The results indicated a partial colocalization between the EGFP-M-MOK fluorescence signal and that of CcO7-DsRed2 (Fig. 4A) , suggesting a mitochondrial localization of M-MOK in transfected cells. As a control, EGFP alone produces a diffuse signal in HeLa cells, reflecting its lack of intracellular targeting (Fig. 4A ). Fragments M1, M1.2, and, to a far lesser extent, M2, were found to share coincident signals with DsRed2-Mito by ApoTome microscopy (Fig. 4A) . By contrast, fragment M1.1 did not appear to localize at the mitochondrial level. This localization was also confirmed with another type of tag (i.e., Flag) (data not shown). HeLa transfected cells were fractionated to document further the localization of the various fragments. The resulting cytoplasmic and mitochondrionenriched fractions were subjected to WB analysis and probed for M (Fig. 4B) , using actin as a cytoplasmic marker and CcO4 as a mitochondrial marker. This subcellular fractionation also confirmed that M and fragments M1, M2, and M1.2 are imported to the mitochondria. The fractionation also demonstrates that the presence of M1 and M1.2 in the mitochondrionenriched fraction is more important than that of M2 (Fig. 4B) .
In an attempt to further determine the localization of M and fragment M1 within the mitochondrial compartment, we transfected HeLa cells with these constructs fused to EGFP. Specific staining of these cells using gold-labeled anti-GFP antibodies indicated that M-MOK and M1, when targeted to the mitochondria, are associated with the inner membrane or with the intermembrane space (Fig. 4C) . Taken together, these data established that M-MOK and the fragments M1 and M1.2 are targeted to the mitochondria and more specifically to the inner membranes and intermembrane zones of the mitochondria.
Matrix protein forms an in vivo complex with subunit I of the CcO. We performed a yeast two-hybrid screening of a human brain cDNA library to understand the molecular mechanism with which M-MOK induces cell death via the mitochondrial pathway. We tested 1.5 ϫ 10 6 interactions during this screening, using M-MOK as bait. Among these, 750 His-positive colonies were obtained and analyzed for ␤-galactosidase activity. The 72 LacZ-positive colonies were sequenced and identified using BLAST (www.ncbi.nlm.nih.gov/BLAST /BLAST.cgi). Four of the 72 positive colonies displayed high similarity (Ͼ99%) with the Homo sapiens CcO1 gene (GenBank accession number AY963578.2). Due to the mitochondrial genetic code and within the context of the two-hybrid assay, the CcO1 insert encodes a very small fragment corresponding to aa 104 to 125 of CcO1.
In the second step, we tested the interaction of the CcO1 fragment with M-MOK and M-THA by a pairwise two-hybrid analysis (Fig. 5A) . Yeast was transformed with plasmids encoding M-MOK and M-THA fused to GAL4-AD and GAL4-BD, respectively, and a plasmid encoding the CcO1 fragment fused to either GAL4-BD or GAL4-AD. Only yeast coexpressing M-MOK and CcO1 showed strong ␤-galactosidase activity. This transactivation of the LacZ reporter gene was not due to autotransactivation by M-MOK and/or CcO1, as yeast expressing only one of the two proteins failed to display ␤-galactosidase activity (Fig. 5A) . Moreover, this interaction is specific for M-MOK, as M-THA is unable to interact with CcO1, as demonstrated by the white color of the corresponding yeast colonies in the X-Gal (5-bromo-4-chloro-3-indolyl-␤-D-galactopyranoside) overlay assay (Fig. 5A) .
Interaction between CcO1 and M-MOK was confirmed by (Fig. 5B) . A parallel experiment with M-THA showed no coprecipitation with CcO1. As there was a higher expression for M-MOK than for M-THA, a fourfold increase in the quantity of input M-THA was used in the experiment. Although the quantity of the recovered CcO1 was proportionally increased, no interaction with CcO1 was detected for M-THA, confirming the specificity of the interaction of M-MOK with CcO1 (Fig. 5B) . The interaction of M-MOK with CcO1 was further confirmed by pull down experiment (see Fig. SA1 in the supplemental material) . EGFP-M1 and CcO1 signals appeared to colocalize in the mitochondria by immunofluorescence and confocal microscopy (Fig. 4D ). All these results are consistent with a physical interaction between M-MOK and CcO1.
M-MOK reduces CcO activity. CcO is located on the inner mitochondrial membrane. It is the principal terminal oxidase in the aerobic metabolism of all animals (9) . Interestingly, MOK-infected HeLa cells displayed progressive and significantly greater reduction of CcO activity than THA-infected and noninfected cells (Fig. 6A) . We further characterized the biological roles of M-MOK and its truncated forms. These proteins are mostly imported into the mitochondria (M1 and M1.2) on CcO1. Therefore, we next determined the CcO activity in transfected cells after 24 h. HeLa cells transfected with M-MOK displayed a greater decrease in CcO activity (fourfold reduction) than cells transfected with the vector expressing the EGFP tag alone (Fig. 6B) . Fragments M1 and M1.2 also induced a greater reduction in CcO activity than M1.1 despite a lower expression level (Fig. 6C) . This indicates that M-MOK and its deletion mutant M1.2, encompassing residues 46 to 110, induced a significant reduction in CcO activity.
Mutations K77R and N81E in M affect mitochondrial function. Construct M1.2, which is mostly targeted to the mitochondria and which produces a more dramatic reduction of CcO activity than other M mutants, contains one ␣-helix (␣2) surrounded by two ␤-sheets (␤1 and ␤2). This ␣-helix contains hydrophobic amino acids flanked by positively charged residues and may act as a putative mitochondrial targeting domain inhibiting the function of the CcO1. Among the eight positions differentiating MOK and THA on fragment M1.2, three are localized in this predicted ␣2 domain (between aa 69 and 82). In this study, we focused on mutations K to R in position 77 (K77R) and N81E, observed in THA in comparison with MOK, as most proapoptotic viral proteins acting on mitochondria share amphipathic ␣-helices in the N terminus or in the central portion (6) . We examined the effects of these changes by generating mutants of M-MOK (K77R/N81E) and of M-THA (R77K/E81N). These mutant proteins were then expressed in HeLa cells and compared with wild-type M-MOK and M-THA. The M-MOK mutations K77R and N81E abolished the induction of TUNEL labeling (Fig. 7A) . These mutations maintained mitochondrial permeability, as shown by the absence of release of cyt-c (Fig. 7B ) and the restoration of CcO activity (Fig. 7C) , comparable to that of wild-type M-THA. Symmetrically, the reverse mutations R77K and E81N in M-THA confer a phenotype closer to that produced by M-MOK, with a higher induction of apoptosis and release of cyt-c and a dramatic reduction of CcO activity. None of these mutations affect the expression level compared to that for wildtype M (Fig. 6D) .
DISCUSSION
Mitochondria play a central part in cellular survival and regulation of programmed cell death. Indeed, apart from harboring several death factors that are released upon apoptotic stimuli, mitochondria also provide the cell with ATP. Thus, all mitochondrial alterations, such as mitochondrial membrane permeabilization, release of sequestered apoptotic proteins, production of reactive oxygen species, and disruption of the electron transport chain, are involved in cell death (19) . Sev- eral viruses modulate apoptosis by disrupting the mitochondrial machinery (6, 33, 52) . We have previously studied apoptosis induction in cultured cells during lyssavirus infections, and we have shown that N2a and HeLa cells demonstrate common apoptotic hallmarks during the course of infection. We have also shown that M is involved in inducing apoptosis of neuronal cells by a death receptor-dependent mechanism (29) . M is a small (202-aa, 25-kDa) multifunctional protein that is responsible for the assembly and budding of virus particles (21, 22, 36) . It is also involved in regulating the balance between transcription and replication (14) and inhibiting translation in virus-infected cells (30) . M also induces cell death in related vesiculoviruses (31) .
In this study, we demonstrated that mitochondrial functionality of neuronal cells is highly disturbed after infection with MOK, a lyssavirus strain. The decrease in ATP synthesis and mitochondrial dehydrogenase activity and the increase in NO production suggested a reduction of the mitochondrial electron transfer system during MOK infection. Finally, the release of cyt-c into the cytosol, associated with caspase-9 activation, indicated the involvement of the mitochondrial pathway in MOK-induced neuronal cell death. We also report that M-MOK induced rapid aponecrosis if expressed in HeLa cells, similar to that observed during viral infection of neuronal cells. The biological relevance of M-induced mitochondrial dysfunction is of importance, as M-MOK physically interacts with CcO1, a component of the terminal enzyme of MRC, and significantly down-regulates its activity. M-MOK has been shown to colocalize with mammalian CcO, an enzymatic complex of the inner mitochondrial membrane with 13 subunits (9, 37). CcO1 and CcO2 form the catalytic center of the enzyme (25) . CcO catalyzes electron transfer from cyt-c to molecular oxygen, reducing it later to water. The redox energy in this process is then converted to a proton motive force, which subsequently drives ATP synthesis. Interestingly, the positive yeast isolates obtained by the two-hybrid screen mapped to a region corresponding to the binuclear center of CcO1 (data not shown), a proton pump responsible for reducing oxygen to water (7). Thus, in our model (Fig. 8) , the interaction between M-MOK and CcO1 is associated with a depletion of cellular ATP; this interaction disrupts the electron transport chain at the inner mitochondrial membrane, leading to cell death by an aponecrotic mode. Amino acid positions 77 and 81 in M proteins appeared to be critical in regulating these functions; M proteins with K77 and N81, as in wild-type M-MOK, produce CcO dysfunction and apoptosis, but M proteins with R77 and E81, similar to wild-type M-THA, are harmless. Further studies should determine if these findings obtained with MOK are related to its peculiar pathogenesis (3, 29) . In particular, several studies report that neuronal apoptosis is inversely correlated with pathogenesis of lyssaviruses (39) . Within this context, it is interesting that MOK and THA, representing two genotypes of lyssaviruses, exhibit low and high neurovirulence, respectively (3). Indeed, the function and integrity of the nervous system rely heavily on a large proportion of ATP generated during oxidative phosphorylation. Thus, minor disruptions of the mitochondrial respiration by M may amplify the previously described TRAIL-and caspase-8-dependent apoptotic mechanism after lyssavirus infection (29) . Thus, soluble cell signals, such as nitric oxide, produced during lyssavirus infection could play a synergetic role in TRAIL-mediated neuronal apoptosis (2, 23, 29, 40, 57) . Recombinant lyssaviruses with targeted mutations in the M1.2 region of M could be used to evaluate that particular question. Many viral proteins directly target mitochondria (35) and modulate cell death by disrupting mitochondrial morphology or regulating mitochondrial membrane permeabilization (6) . However, the exact mechanisms through which viral mitochondrial apoptosis modulators exert their local action remain to be 
FIG. 8. Diagram summarizing the link between M-MOK binding to
Cco1 and aponecrotic activity reported in this study. The CcO complex, located at the inner membrane (IM), in normal conditions catalyzes electron transfer. This is converted to a proton motive force, which subsequently drives ATP synthesis (CcO complex "on"). M produced during MOK infection is transported into the mitochondrial intermembrane space (IS) by passage through the mitochondrial outer membrane. The physical interaction between M and CcO1 decreases CcO activity and mitochondrial oxidative phosphorylation (CcO complex "off"). This event leads to the necrotic component of lyssavirusinduced cell death, essentially by mitochondrial changes and ATP depletion. This response is completed by the extrinsic death receptordependent and caspase-dependent pathways, as shown previously (29) . The death receptors are synergistically stimulated by death ligands, such as TRAIL, and NO, produced by the mitochondria during lyssavirus infection. If activated by the death-inducing signaling complex (DISC), caspase-8 (C-8) in turn triggers the downstream effector cascade either directly through caspase-3 (C-3) or through engaging the mitochondrial amplification loop. In this process, activated C-8 indirectly triggers cyt-c release and caspase-9 (C-9) activation. This event leads to the apoptotic component of lyssavirus-induced cell death. Thus, in this model, mitochondrial dysfunction plays a key role in M-MOK-mediated cell death. elucidated for most viral proteins (33) . Thus, our data represent the first evidence of a viral protein (i) physically associating with one of the four membrane-bound electron-transporting protein complexes of the MRC, (ii) causing defects in CcO activity, and (iii) inducing programmed cell death.
Most of the proapoptotic viral proteins acting on mitochondria have sequences that direct import and contain amphipathic ␣-helices in the N terminus or the central portion of the protein (6) , as in proteins of human immunodeficiency virus type 1 and human T-cell leukemia virus type 1 (11, 27, 50, 53) . M-MOK does not seem to follow the classical protein import pathway into mitochondria, which involves cleavable targeting signals located at the N-terminal end of the preprotein (44, 48) . Deletion analysis of M-MOK shows that, in addition to the Cco1 dysregulation motif, a major mitochondrial import signal remains between residues 46 and 110 and consequently is independent of the late viral budding domain, located between positions 1 and 48 of M (24) . Indeed, secondary structure prediction of the corresponding M1.2 portion revealed the presence of one ␣-helix (position 69 to 82) surrounded by two ␤-sheets. This ␣-helix may act as a putative mitochondrial targeting signal (MTS) for the M protein. This would constitute an internal MTS in a noncleaved protein, as previously described for metabolite carriers of the inner membrane (44) . For some of these molecules, several MTSs distributed across the molecule cooperate in receptor recruitment and mitochondrial membrane translocation (58) . Therefore, the slight distribution of M2 (aa 106 to 202 of the M protein) in the mitochondria indicates that another weaker MTS localized in the C terminus of the M protein also contributes to its targeting. The interactions between mitochondrial receptors and MTS-containing proteins are mediated by cytoplasmic chaperones, such as heat shock protein 70 (HSP70) and HSP90, which recognize and help to maintain the mitochondrial protein in an importcompetent state (54, 60) . Further analyses are needed to better understand the mechanism for transport of M to the mitochondria. In this context, it has been reported that rabies virus incorporates HSP70 (49) . However, no evidence has been demonstrated for the biological relevance of this phenomenon or for an eventual interaction between HSP and any lyssavirus proteins. A more precise evaluation of the M-CcO1 interaction may also yield novel opportunities for therapeutic intervention in rabies disease.
